Die Bestimmung der Orte von Wasserstoffatomen in Ionenhydraten werden durch Rechnungen auf Grundlage der Gitterenergie diskutiert und die Ergebnisse für zwei Hydrate, BaCl 2 · 2H 2 0 und NaBr · 2HjO, mitgeteilt.
Introduction
Thermodynamic calculations of lattice energies of ionic hydrates have been described recently by LADD and LEE (1965) . A consideration of some of the factors involved in the energetics of hydrate formation focussed attention upon the location of hydrogen atoms in crystalline hydrates.
The principal methods used to determine the positions of hydrogen atoms are, in order of preference, neutron-diffraction measurements and proton magnetic resonance measurements. The second of these methods requires assumptions to be made about the probable direction of 0-Η vectors or about general atomic packing, since only the Η-Η vector is located experimentally.
From a neutron-diffraction study of barium-chloride dihydrate, PADMANABHAN, BUSING and LEVY (1963) obtained hydrogen-atom positions appreciably different from those obtained by SILVIDI and MCGRATH (1960) on the basis of proton magnetic resonance studies. The present paper is concerned with an alternative method for deter-mining the positions of hydrogen atoms, which, in the case of bariumchloride dihydrate, is shown to lead to coordinates in good general agreement with those obtained by the neutron-diffraction study.
The coordinates x', y', z' of the positive end of the dipole of the water molecule in an ionic hydrate have been located by a vectorial summation of weighted electrical field strengths around the oxygen atom in the water molecule, using Equation (1): xi is the χ coordinate of the ith ion, distant d, from the oxygen atom; Z{ is its charge, including the sign. For the ions in the crystal, the usual charges were used. With the water molecule, the effective charges on the atoms were deduced from the dipole moment of water, 1.84 · 10 -18 e.s.u., leading to the values z0 = -0.31 and zH = 0.155. The coordinates y' and z' were calculated from equations similar to (1). A certain radial distance around the ox3 r gen atom had to be selected; in this work a distance of 4 Ä has been used, and all atoms having a value di less than 4 Ä were included in the equations for x', y' and z'.
Calculation of the distance between the oxygen atom and the point x', y', z' suggested that the above procedure is, as expected, not quite exact. It has been assumed that the position found is correct in direction, with respect to the oxygen atom.
A model for the water molecule has been chosen from the compilation of data given by CHIDAMBARAM (1962) . The Ο-Η bond distance is taken as 0.99 Ä and the angle Η-Ο-Η as 104.5°, from which the distance from the oxygen to the positive end of the water molecule dipole is 0.6 A and the interproton distance is 1.6 A.
From this data, a number of hydrogen-atom positions were generated in steps, ψ, of 22.5°, all lying on a circle centre x', y', z' (corrected) of radius 0.8 A, such that all Ο-Η distances generated were 0.99 A. Madelung constants were calculated for the structure using the method of BERTAUT (1952) as elaborated by TEMPLETON (1955) and by JONES and TEMPLETON (1956), for a spherical charge distribution, Equation (2), using sets of the hydrogen-atom positions generated, together with the known positions of the remaining atoms: In these calculations, L = 0.99, R = 0.495L and a max = 2π. The extent of the summation in Equation (2) is determined by a max and R; for the values stated, adequate convergence was obtained.
Results
For the two hydrates studied, the positions of the hydrogen atoms which led to minimum-energy structures were clearly indicated.
(a) Barium chloride dihydrate Table 1 lists data relevant to the approximate coordinates of the positive end of the water-molecule dipole, for the two oxygen atoms in the asymmetric unit. Fig. 1 shows the variation of the Madelung constant A (L) with ψ. The value of ψ at maximum A (L) led to the (b) Sodium bromide dihydrate A similar analysis was carried out with sodium bromide dihydrate. Table 3 and Fig. 2 illustrate the results. Table 4 lists the coordinates of the hydrogen atoms and compares them with the data of VAN LOBO (1962) , obtained from a proton magnetic resonance study. In this case, the variations between the coordinates deduced by the two methods are larger. 
Discussion
The results presented support the proposed method for the approximate location of hydrogen atoms in ionic hydrates. The idea of a minimum-energy structure is not new, but its application to the determination of hydrogen atom coordinates has not been reported previously.
The x-ray data on sodium bromide dihydrate, reported by CULOT, PIRET and VAN MEERSSCHE (1962) , was examined. The structure factor data was refined anisotropically to an R value of 9.3%. Difference Fourier sections were inconclusive in respect of hydrogen atoms; this was not unexpected. Eight maxima were found around each oxygen atom. Four of these maxima led to the approximate hydrogen positions listed in Table 5 , using relevant stereochemical data.
The positions (ii) were easily eliminated from a consideration of PAULING'S rules leaving positions (i) in fair agreement with data given in Table 4 . Positions (iii) and (iv) both led to stereochemically unacceptable models for the water molecule. An interesting feature of the proposed method lies in the fact that the contribution of the hydrogen atoms to F b in Equation (2) is one half that of the oxygen If the idea of a minimum-energy structure is used, then, since about 90% of the lattice energy is electrostatic in nature, the lowest energy corresponds to the largest value of A(L). This condition may be obtained by minimizing the second term on the right-hand side of Equation (2) with respect to small variations in the uncertain coordinates of the hydrogen atoms, once the location of the other atoms in the crystal structure is known.
The process of minimization corresponds to a normal crystallographic least-squares calculation in which I.FJ = Β = 0, for all h, and in which |. F C | -|.F h ' of Equation (2) -is weighted by the term (p h w h ; Β is an isotropic temperature factor. Further work will be concerned with this calculation and with improvements of the general method proposed.
The Madelung constants for a distance L = 0.99 Ä are 1.64 4 for barium chloride dihydrate and 0.689 4 for sodium bromide dihydrate; the electrostatic contributions to the lattice energies are thus 552 kcal/mole and 231 kcal/mole respectively.
